The tomato yellow leaf curl virus (TYLCV) found in Israel is a whitefly-transmitted monopartite geminivirus. Although geminiviruses have been found in the nuclei of phloemassociated cells, the mechanism of viral invasion is poorly understood. The possible role of the TYLCV capsid protein (CP), the only known component of the viral coat, in virus transport into the host cell nucleus was investigated by monitoring its specific nuclear accumulation in plant and insect cells. CP was fused to the β-glucuronidase (GUS) reporter enzyme to assay nuclear import in petunia protoplasts, and micro-injection of purified fluorescently labeled CP was used to examine its nuclear uptake in Drosophila embryos. Both assays demonstrated that TYLCV CP is transported into plant-and insect-cell nuclei by an active process of nuclear import via a nuclear localization signal (NLS)-specific pathway. Using the GUS assay and deletion analysis, the TYLCV CP NLS sequence was identified in the amino-terminus of the protein.
Introduction
Tomato yellow leaf curl virus (TYLCV) is the generic name given to a growing number of more or less closely related geminiviruses that infect tomato in many tropical and subtropical countries Czosnek et al., 1990; McGlashan et al., 1994) . TYLCV is transmitted by the whitefly Bemisia tabaci (Cohen and Harpaz, 1964) .
The TYLCV family comprises members that possess a single genomic component (e.g. from Israel, Italy and Spain; Antignus and Cohen, 1994; Kheyr-Pour et al., 1991; Navot et al., 1991; Noris et al., 1994) and those with a bipartite genome, termed DNA A and DNA B (e.g. from Thailand; Rochester et al., 1994) . The genome of the monopartite TYLCVs and the DNA A of the biapartite viruses encode six open reading frames (ORFs), two on the virion (ϩ) strand (including the capsid protein CP) and four on the complementary (Ϫ) strand (including the Rep protein).
To establish a systemic infection, whitefly-transmitted geminiviruses first need to be delivered to the phloem by their insect vector (Pollard, 1955) . Then the virus invades the nuclei of phloem-associated cells, and possibly those of non-phloem cell types (Wang et al., 1996) , where it replicates via double-stranded DNA intermediate replicative forms, by a rolling circle mechanism (Laufs et al., 1995; Saunders et al., 1991; Stanley, 1995; Stenger et al., 1991) . The Rep protein is the only viral gene product necessary for geminiviral replication (Elmer et al., 1988) , otherwise the virus relies entirely on plant factors. Host cell division does not seem to be a prerequisite for geminiviral DNA replication (Nagar et al., 1995) . Following replication, the geminivirus moves from cell to cell and enters the sieve elements for long-distance transport. It is not clear whether the virus is transported as singlestranded or double-stranded DNA, or whether it moves encapsidated or as a nucleoprotein. In the bipartite geminiviruses, proteins associated with viral movement are encoded by the DNA B genome. In the case of the bean dwarf mosaic virus (BDMV), movement of single-stranded and double-stranded viral DNA out of the nucleus is mediated by the BR1 protein, while the intercellular transport of double-stranded viral DNA is potentiated by the BL1 protein (Noueiry et al., 1994) . In the case of squash leaf curl virus (SqLCV), the BR1 protein binds viral singlestranded DNA and moves it out of the nucleus to the cell periphery where the BL1 protein interacts with this complex and moves it to adjacent cells and to the sieve elements for long-distance transport (Pascal et al., 1994; Lazarowitz, 1995, Sanderfoot et al., 1996) . The whiteflytransmitted monopartite geminiviruses such as TYLCV do not code for BR1 and BL1 homologs and therefore another viral protein(s) must fulfill these functions. The mechanism by which the viral DNA enters the plant cell nucleus during the early phase of infection is unknown. We suggest that the geminiviral CP, which packages the genomic DNA Protoplasts were transfected by electroporation with 50 µg plasmid DNA containing either GUS alone or the fused GUS-TYLCV CP, (a) GUS alone: GUS activity remained cytoplasmic. (b) GUS-TYLCV CP: localization of GUS activity was specific to the cell nucleus. (c) GUS-TYLCV CPn38-260 (a construct containing only the first 38 amino acid residues of the TYLCV CP) was found exclusively in the nucleus. Bar ϭ 10 µm molecule into a viral particle, also transports this DNA into the host cell nucleus. To this end, the CP must itself be karyophilic, possessing a specific nuclear localization signal (NLS) sequence. Most NLSs belong to one of two groups: (i) the SV40 large T antigen NLS (PKKKRKV) motif, and (ii) the bipartite motif consisting of two basic regions separated by a variable number of spacer amino acids (but not less than four), and exemplified by the nucleoplasmin NLS (KR-X10-KKKL) (reviewed by Melchoir and Gerace, 1995) . To date, most NLSs found in plant proteins belong to the bipartite type (reviewed by Raikhel, 1992) . The potential presence of such functional NLS sequence(s) in geminivirus CPs has not been examined. In the present study, we used the Israeli strain of TYLCV (Navot et al., 1991) to demonstrate that TYLCV CP is specifically imported into the plant cell nucleus. Using deletion analysis, we identified the NLS sequence of TYLCV CP. We also show that this protein is actively transported into the nuclei of insect cells and that this import process is mediated by a bipartite NLS. The biological implications of the karyophilic properties of TYLCV CP in both plant and insect cells are discussed.
Results

Nuclear import of TYLCV CP in petunia protoplasts
To determine the intracelular localization of TYLCV CP, its DNA coding sequence was fused in-frame to the 3Ј end of the β-glucuronidase (GUS) gene. The resultant construct was introduced into petunia protoplasts. Transient expression of the chimeric GUS-TYLCV CP polypeptide was driven by a cauliflower mosaic virus (CaMV) 35S promoter. As a control, GUS alone was transiently expressed in petunia protoplasts using the same promoter. Following its expression, the GUS enzyme was localized histochemically. GUS alone remained cytoplasmic in the petunia protoplasts ( Figure 1a ). In contrast, the GUS-TYLCV CP fusion protein was specifically localized to the cell nucleus ( Figure 1b ). These results indicate that TYLCV CP is a karyophilic protein, most likely containing a functional NLS.
Identification of the TYLCV CP NLS
To identify the functional NLS sequence of TYLCV CP, we constructed a series of single and double deletion mutants in the gene coding for this protein (Figure 2 ). These mutants were fused to the GUS reporter gene and transiently expressed in petunia protoplasts. Whereas the construct with a deletion of 68 carboxy-terminal residues (pCPn193-260) was localized to the cell nucleus, deletion of 192 amino-terminal residues (pCPn1-190) completely abolished nuclear import ( Figure 2 ). Moreover, a construct containing only the first 38 amino acid residues of CP (pCPn39-260) was found exclusively in the nucleus (Figures 1c, 2) , and its nuclear accumulation was similar to that of the full-length TYLCV CP (pCP) (Figure 2 ). These results indicate that the TYLCV CP NLS resides in the Nterminus of the protein (Figure 2) .
Amino acid sequence analysis of TYLCV CP revealed a region homologous to the bipartite class of NLSs. This potential NLS, located at the amino-terminus of TYLCV CP, has the following amino acid sequence: 1-msKRpgdiiistpvsKvRRRlnfdspyss-29. Two basic domains of the bipartite signal known to be critical for its function are shown in capital, bold underlined letters. We constructed amutation in which the second basic domain of the putative NLS was deleted (pCPn14-20). Nuclear import of this mutant was markedly decreased (Figure 2 ), suggesting that the eight deleted amino acid residues play an important role in the nuclear targeting of TYLCV CP. Although the first 38 amino acids of TYLCV probably contain a functional NLS, their flanking sequence may also be involved in nuclear targeting. A construct carrying a specific deletion of the 36 amino-terminal residues (pCPn1-36) still exhibited a low level of nuclear import. This remained true when, in addi- tion to this deletion, the whole carboxy-terminus of the protein was deleted (pCPn1-36/n61-260). However, deletion of the first 62 residues (pCPn1-62) resulted in an exclusively cytoplasmic localization (Figure 2 ), suggesting that amino acids in positions 39 to 63 are also required for optimal nuclear import of TYLCV CP.
The major amino-terminal NLS may be strengthened by other signal sequences in TYLCV CP. To test this possibility, we constructed a double deletion mutant in which the amino-terminal NLS was deleted along with most of the carboxyl portion of the protein. Figure 2 shows that deletion of both the 36 amino-terminal and the 199 carboxy-terminal residues (pCPn1-36/n61-260) did not completely abolish nuclear import of the mutant protein. As already mentioned, a CP mutant lacking the 36 amino-terminal residues (pCPn1-36) and a double deletion mutant (pCPn1-36/ n193-260) still retained residual nuclear-targeting activity. These observations suggest that the 25 amino acids residing between residues 36 and 61 contain sequences which facilitate nuclear import but are not themselves sufficient for nuclear accumulation.
Nuclear import of TYLCV CP in Drosophilia embryos
Transmission by whiteflies is an essential step in the dissemination cycle of TYLCV. While it is not known whether the virus replicates in its insect host, such a possibility cannot be disregarded, and if it is so, the TYLCV single-stranded DNA should be imported into the nucleus of the insect cell as well, potentially with the help of the viral CP. We tested the ability of TYLCV CP to accumulate specifically in the insect cell nucleus. CP was overproduced in E. coli and purified to near homogeneity. The purified CP was fluorescently labeled at its cysteine residues; such specific labeling avoids the modification of basic residues required for NLS activity. The fluorescent CP was then micro-injected into 1.5-to 2-h-old Drosophila embryos (Guralnick et al., 1996) . Each embryo contained from 750-6000 nuclei in a syncytium, most of which were located at the embryo surface and easily visualized (Campos-Ortega and Hartenstein, 1985) . Virtually all micro-injected fluorescently labeled CP accumulated in the Drosophila nuclei ( Figure 3a) . The nuclear location of the fluorescent protein was confirmed by co-staining with the DNA-binding dye oligreen (Molecular Probes Inc., Eugene, OR; data not shown). In addition, the micro-injected CP was localized by confocal microscopy, using optical sections with the plane of focus through the cell nuclei. Thus, the fluorescent staining of the Drosophila nuclei following micro-injection of TYLCV CP probably reflects protein accumulation within the nucleus rather than perinuclear binding of the protein.
These results suggest that the TYLCV CP NLS is also active in insect cells.
Next, we examined whether the nuclear import of TYLCV CP is an active process mediated by a bipartite NLS signal (Pante and Aebi, 1996) . To this end, the labeled protein was co-injected with competing amounts of unlabeled synthetic peptide, corresponding to a bipartite NLS from the Agrobacterium VirD2 protein (Howard et al., 1992) . The 30-fold molar excess of NLS peptide inhibited nuclear The one-letter-code amino acid sequence of the VirD2 NLS is KRpredddgepseRKReR with basic residues of the first and second domains of the bipartite signal indicated in bold capitals (Howard et al., 1992) . Bar ϭ 10 µm uptake of TYLCV CP (Figure 3b) , most likely by competing with the CP NLS for the cellular machinery for nuclear import. The active process of nuclear import requires GTP for Ran/TC4 GTPase activity, which is essential for translocation of karyophilic proteins through the nuclear pore (Melchior et al., 1993) . Co-injection of TYLCV CP with GTPγS, a non-hydrolyzable analoge of GTP, completely blocked nuclear accumulation of the fluorescently labeled protein. Thus, TYLCV CP is transported into the insect cell nucleus by an active process of nuclear import via an NLSspecific pathway.
Discussion
Most plant viruses replicate in the cytoplasm of their host cells. Geminiviruses are one exception, as they replicate in the nucleus, a feature that makes them an attractive model for studying the role of nuclear import in virusplant interactions. The mechanism by which geminiviruses reach the host cell nucleus is unknown. However, a comparison of the amino acid sequences of CPs of TYLCV and other whitefly-transmitted geminiviruses with those of known karyophilic proteins indicates that TYLCV CP contains a potential NLS at its amino-terminus. In the present study, using fusions to the GUS reporter gene and deletion mutants, we show that the CP of a monopartite geminivirus, TYLCV, is karyophilic in both plant and insect cells. Nuclear import of TYLCV CP in petunia protoplasts was mediated © Blackwell Science Ltd, The Plant Journal, (1998), 13, 393-399 by a bipartite NLS sequence located within the first 38 amino-terminal residues of the protein.
One additional CP region was found to be involved in this nuclear import. A 25-amino-acid sequence immediately downstram of the NLS appeared to redirect a small portion of the protein into the nucleus in the absence of the main NLS sequence. However, this region was not required for efficient nuclear uptake of the GUS reporter fused directly to the main NLS of TYLCV CP. This secondary NLS may play a more important role in the nuclear import of the CP-packaged TYLCV single-stranded DNA, in which the main NLS sequence may be partially masked by the bound DNA molecule.
Nuclear accumulation of TYLCV CP has several biological implications. CP may directly mediate TYLCV's invasion of phloem-associated cells during the first events leading to the establishment of infection, shortly after whitefly inoculation. Because geminiviruses are able to infect nondividing cells (Nagar et al., 1995) , the infection process and consequently viral nuclear entry are independent of the breakdown of the nuclear envelope that accompanies mitosis. Because the molecular mass of the viral genome significantly exceeds the size-exclusion limit of the nuclear pore (60 kDa) (reviwed by Goldfarb and Michaud, 1991) , it must be actively transported into the host cell nucleus. In the invading TYLCV virion, the genomic single-stranded DNA molecule is already packaged in the CP capsule. It makes biological sense that the CP NLS would function to transport the entire virion into the plant cell nucleus. Similar protein-mediated nuclear transport of viral genomes has been suggested for SV40 (Clever et al., 1991) and the influenza virus (O'Neill et al., 1995) . Active nuclear import of single-stranded DNA molecules by an associated karyophilic single-stranded DNA binding protein has also been demonstrated for the Agrobacterium VirE2 protein and its derivatives (Guralnick et al., 1996; Zupan et al., 1996) .
The role of the CP in the establishment of infection is not clear. Recently, a study of the effect of mutations in three ORFs of TYLCV showed that the CP is needed for viral single-stranded DNA accumulation and for successful infection in tomato (Wartig et al., 1997) . Similar to TYLCV, the monopartite tomato leaf curl virus (TLCV) from Australia could not accumulate viral single-stranded DNA and spread in the absence of the CP (Ridgen et al., 1993) . It should be noted that in all monopartite leaf-hoppertransmitted geminiviruses analyzed to date, the CP is required for viral induction of symptomatic systemic infection (Boulton et al., 1989; Briddon et al., 1989; Ridgen et al., 1993; Woolston et al., 1989) . Therefore, the CP seems to be indispensable for symptom production and monopartite geminivirus spread, whether these viruses are transmitted by whiteflies or by leaf-hoppers.
In this study, we also show the accumulation of TYLCV CP in insect nuclei. This observation demonstrates that the NLS of the viral CP is capable of translocating the capsid protein across the plant as well as the insect nuclear membranes. Therefore, the CP may facilitate nuclear entry of the viral genomes into both insect and plant host cell nuclei. If this is indeed the case, then the CP of TYLCV (and of other whitefly-transmitted geminiviruses) may play a role in the invasion of insect cells, where the virus is subsequently stored. Indeed the TYLCV CP can be detected in B. tabaci for up to 10 days after virus acquisition, and the viral DNA is detectable during the entire life of the insect Zeidan and Czosnek, 1991) . A demonstration of CP nuclear import and an elucidation of its mechanism may enhance our understanding of the propagation of TYLCV and help in the development of a new approach to prevention of the yellow leaf curl disease caused by this virus.
Experimental procedures
Protoplast isolation
Protoplasts were isolated from rapidly growing suspension cultures of Petunia hybrida cells (line 4544). Specimens comprising 4 ml of packed cells were incubated at 26°C in 40 ml of 1% (w/v) cellulase (Onozuka, Japan), 0.4% (w/v) driselase (Kyowa Hakko Kogya, Japan) and 0.2% (w/v) macerozyme R10 (Kinki Yakult, Japan), in protoplast washing medium (CPW: 9% mannitol, 27.2 mg l Ϫ1 KH 2 PO 4 , 101 mg l Ϫ1 KNO 3 , 1480 mg l Ϫ1 CaCl 2 ·2H 2 O, 246 mg l Ϫ1 MgSO 4 ·7H 2 O, 0.16 mg l Ϫ1 KI, 0.025 mg l -1 CuSO 4 ·5H 2 O, © Blackwell Science Ltd, The Plant Journal, (1998) , 13, 393-399 pH 5.8) for 17-19 h while shaking at 50 rev min Ϫ1 . Protoplasts were centrifuged at 60 g for 5 min, and washed one to three times in the CPW solution without enzymes. Protoplasts were washed once with electroporation buffer (0.25 M mannitol, 12 mM sodium acetate, 50 mM calcium chloride, pH 5.8) and resuspended to a concentration of 2.5 ϫ 10 6 protoplasts per ml in the same buffer.
Construction of GUS-TYLCV CP fusions
The V1 gene of TYLCV, coding for CP, was fused in-frame to the E. coli uidA reporter gene coding for β-glucuronidase (GUS) in the expression vector pRTL-GUS/NIanBam developed by Carrington et al. (1991) . Prior to subcloning V1, the NIa coding sequence was removed by digestion with BglII and BamHI restriction endonucleases.
Protoplast transfection
The GUS-TYLCV CP fusion constructs (see Figure 2) were introduced into freshly isolated petunia protoplasts. Routinely, 50 µg of plasmid DNA was transfected into 2-3 ϫ 10 6 protoplasts by electroporation at 250 V using a GenePulser II apparatus (Bio-Rad, Hercules, California). Protoplasts were then incubated on ice for 10 min, diluted 10-fold with the suspension medium containing 0.4 M mannitol, and incubated for 20-48 h at 26°C in the dark, prior to further analysis. Each transfection assay was repeated five to seven times.
GUS assays in protoplasts
GUS assays were performed 24-30 h after transfection. GUS activity was detected by histochemical staining with X-Gluc as the substrate (Varagona et al., 1992) . Reaction of GUS with the X-Gluc substrate yielded an indigo precipitate after 1-5 h. To determine the intracellular localization of the blue precipitate, the stained cells were examined under a light microscope.
Purification of TYLCV CP expressed in E. coli Using polymerase chain reaction (PCR)-mediated mutagenesis, the sense primer (5Ј-GTAAGGGCCCGTGACATATG-3Ј) introduced a single base insertion of adenine (bold), creating an NdeI site (underlined) downstream of the ApaI site (double-underlined) of the TYLCV CP ORF. The last three nucleotides (ATG) serve as the first codon of the CP gene. The antisense primer (5Ј-CAGAGGGCCCACCAATAAC-3Ј) contained another ApaI site (double-underlined) that originally resided in the CP ORF. The amplified product was digested with ApaI and cloned into the CP gene by exchanging it with the 582 bp ApaI fragment of the wildtype CP ORF. Then the full-length CP gene was released by digestion with NdeI and BamHI followed by subcloning into the same sites of the bacterial expression vector pET28 (Novagen Inc., Madison, WI).
The recombinant plasmids were introduced into E. coli strain BL21(DE3)pLysE. TYLCV CP was overproduced via the T7 RNA polymerase expression system (Studier et al., 1990 ) and purified to near homogeneity as described for the production and purification of the gene I protein of CaMV (Citovsky et al., 1991) .
Fluorescent labeling of TYLCV CP
The purified TYLCV CP was chemically labeled with tetramethylrhodamine-5-(and-6-)-maleimide (Molecular Probes Inc., Eugene, OR) according to Guralnick et al. (1996) . The labeled protein was separated from the unincorporated dye on a 12.5% SDS-polyacrylamide gel and electroeluted as described by Guralnick et al. (1996) . The eluted protein was adjusted to a concentration of 4 mg ml Ϫ1 , aliquotted, and stored at Ϫ70°C until use.
Micro-injection of Drosophila embryos
Micro-injection of the fluorescently labeled TYLCV CP into Drosophila embryos was performed as described by Guralnick et al. (1996) . The embryos were dechorionated, affixed to a cover slip and air-dried. The distribution of the label was monitored by means of a Bio-Rad MRC 600 laser scanning confocal attachment and a Nikon Diaphot inverted microscope. Each micro-injection was performed four times. In each experiment, 10-20 individual Drosophilia embryos were micro-injected, and the images were recorded 30 min later.
